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with age but is upregulated by 
monocular deprivation during 
the critical period. It appears 
that tPA is a permissive factor 
in cortical plasticity, but it does 
not determine whether new 
synapses will be formed or 
existing ones eliminated — this 
might instead depend on local 
levels of pre- and postsynaptic 
activity.
The most significant 
structural changes in the cortex 
towards the end of the critical 
period are those seen in the 
extracellular matrix, a network of 
macromolecules, which becomes 
more and more rigid during 
postnatal development. A major 
component of the extracellular 
matrix are chondroitinsulfate 
proteoglycans: these molecules 
aggregate in perineuronal nets, 
lattice-like structures that 
ensheathe in particular the 
GABAergic large basket cells 
implicated in the control of the 
critical period, leaving just small 
windows at the sites of synaptic 
contact and inhibiting axonal 
sprouting. It has been shown 
in adult rats that enzymatic 
digestion of chondroitinsulfate 
proteoglycans makes the visual 
cortex susceptible again to the 
effects of monocular deprivation, 
suggesting that the maturation 
of the extracellular matrix plays 
a key role in the closure of the 
critical period.
Another factor that appears 
to contribute to the closure of 
the critical period is an increase 
in the Nogo-66 receptor for 
the myelin-associated growth 
inhibitor Nogo. It in turn activates 
an intracellular pathway which 
regulates the actin cytoskeleton 
and thus controls axonal growth. 
Mice lacking this receptor 
exhibit visual cortical plasticity 
in response to monocular 
deprivation well into adulthood.
Is there plasticity beyond the 
critical period? Of course the 
critical period does not end 
abruptly one day, but a number 
of studies have now reported 
plasticity in the mouse visual 
cortex well beyond what would 
have been defined as the 
critical period. This sort of adult 
plasticity may or may not be 
based on the same molecular 
mechanisms as classical critical 
period plasticity. Also, earlier 
sensory experiences predispose 
the brain to rapidly respond 
again to similar experiences 
made later on, even in 
adulthood, and training is likely 
to enhance such adult plasticity. 
Probably more interesting still 
is the question whether one 
can somehow turn back the 
clock and put adult cortex into 
a plastic state equivalent to that 
during the critical period. This 
could be of great therapeutic 
significance if it allowed us to 
correct, in adulthood, things that 
went wrong in brain development 
during childhood. One such 
example is amblyopia, loss of 
visual acuity in one eye because 
of early ocular abnormalities, 
for which there is no treatment 
available in adulthood. A 
loosening of the extracellular 
matrix or a blockade of the 
Nogo-66 receptor are currently 
the most promising avenues 
of research. However, no-one 
yet knows whether increased 
cortical plasticity will have 
unwanted side-effects. 
Presumably, the relative stability 
of cortical circuitry attained 
by the end of the critical 
period is beneficial to the 
individual, at least under normal 
circumstances, and a loss of 
that stability may disrupt cortical 
function in unforeseen ways.
Where can I find out more?
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Although the ~3000 species 
belonging to the Drosophilidae 
family are customarily referred 
to as fruit flies — as for 
example the fruit fly, Drosophila 
melanogaster — many have 
essentially little to do with 
fruit. Most drosophilids feed 
on microbes, and can hence 
be found on a wide variety of 
substrates, of which some are 
quite peculiar. Arguably the 
strangest substrate inhabited by 
drosophilids is that of the three 
species that live on (and in) land 
crabs. 
The first report of crab- living 
flies came from the distinguished 
entomologist Henry G. Hubbard 
(Figure 1A). In April 1894, 
Hubbard was invited to 
Montserrat (Figure 2A) by lime 
plantation owners who wanted 
his help in exterminating insect 
pests. Hubbard being a habitual 
insect collector naturally took 
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Figure 1. Crab fly scientists.
(A) Henry G. Hubbard (1850–1899). Ac-
cording to newspaper clippings of his 
time “one of the most scientific ento-
mologists in the United States”, Hub-
bard was a pioneer in the field of insect 
pest control and an extensive insect 
collector. Hubbard was the first to report 
crab living flies. (B) Hampton L. Carson 
(1914–2004). Drosophila researcher par 
eminence, perhaps best known for his 
outstanding work on the Hawaiian dro-
sophilid fauna. Carson rediscovered 
Hubbard’s crab flies in 1963 and made 
the first detailed study on their biology. 
Carson later went on to discover two 
other fly species with the same odd 
host preference.













Figure 2. Islands, crabs and crab flies.
Islands housing crab flies in the (A) Caribbean and (B) Indian Ocean. Courtesy of NASA/
JPL-Caltech. (C) Drosophila carcinophila — the 1894 Hubbard specimen from Montser-
rat. This pupa is one of the two surviving samples from Hubbard’s original collection of 
the species housed at the National Museum of Natural History (Washington D.C.). (D) 
D. carcinophila — the 1955 Kuns specimen from Mona Island, and (E) the 1963 Carson 
specimen from Montserrat. (F) The black crab (Gecarcinus ruricola) is the preferred 
host of the two Caribbean crab flies. (G) A familiar scene on Christmas Island; a robber 
crab (Birgus latro) in the process of devouring a red crab (Gecardoidea natalis). Crab 
flies of the species Lisssocephala powelli frequently infect both species. (H) A Cayman 
crab fly (D. endobranchia) photographed on Grand Cayman in February 2007. Undis-
turbed parts of the island still hold a healthy population of the flies.the opportunity to sample 
insects also away from the 
plantations [1]. On April 15th, 
Hubbard caught some strange flies from the back of a land 
crab. Upon closer examination, 
the crab was also found to 
house fly larvae and pupae in its mouthparts. Apparently, the flies 
were not merely hitching a ride 
with the crab; they were actually 
permanent residents. During a 
meeting of the Entomological 
Society of Washington in 
November the same year, 
Hubbard presented the unusual 
specimens (Figure 2C) to his 
colleagues. A fellow member 
of the society, D.W. Coquillet 
(Honorary curator of Diptera 
in the United States National 
Museum) determined that the 
flies were drosophilids,  
whereas the Crustacean 
authority in the society (Dr Gill) 
placed the host as a blue 
crab (Cardiosoma guanhumi), 
erroneously, as it turned out 
[1,2]. After this brief discussion, 
the matter seems to have been 
promptly forgotten. 
It was 1955 before anyone 
noticed Hubbard’s flies again. 
While exploring a bat cave 
on Mona Island (Figure 2A), 
W. Cross and M. Kuns, stationed 
on the island for a US Air Force 
sponsored project (M.L. Kuns, 
personal communication), 
observed that the land crabs, 
which also inhabited the cave, 
housed small flies. During 
subsequent visits to the cave, 
Cross and Kuns managed 
to catch 11 flies (Figure 2D), 
which upon their return to the 
United States were identified 
as a previously undescribed 
species of Drosophila. The flies 
were donated to the Drosophila 
collection of University of 
Texas, where M.R. Wheeler, 
who realized that the flies were 
likely identical to those caught 
by Hubbard in 1894, was finally 
able to make the first formal 
description of the species,  
aptly named Drosophila 
carcinophila [3]. The Wheeler 
paper, however, provided no  
new information regarding the 
biology of the flies.
In 1963, the flies were found 
again. The rediscoverer, 
Hampton L. Carson (Figure 1B) 
had been searching throughout 
the West Indies and Central 
America for these elusive flies 
for some time when he (and 
his wife) on December 19th, 
while examining land crabs on 
Montserrat, came across two 
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managed to catch a single fly 
(Figure 2E). In the coming years, 
Carson would conduct a  
detailed examination of the crab 
flies (on a population from North 
Cat Cay in the Bahamas; Figure 
2A), culminating in a seminal 
paper on the topic published in 
1967 [4].
So, what exactly do the flies 
do on the crabs? The adult flies 
are found scurrying across the 
carapace and mouthparts of the 
crabs. The latter locality serves 
as the food outlet where the 
flies feed on tidbits stuck to the 
inside of the mouth appendages 
(the maxillipeds). The adults also 
feed from a ‘hair’ covered pad 
(known as the nephric or setal 
pad) situated in the upper parts 
of the mouth section (Figure 3). 
At the base of this pad is a 
pore that exudes urine, which 
as it trickles down the pad is 
cleaned of nitrogenous waste 
compounds by microbes  
residing in the filamentous 
hair structures before the crab 
reabsorbs the fluid. The pad is 
home to the fly larvae, which 
together with the adults feed 
on the abundance of microbes. 
The larvae never leave the 
mouthparts and pupate under 
the third maxilliped [4,5]. 
Carson examined crabs in 
museum collections for signs 
of fly infestations to figure out 
the flies’ host preference and 
distribution. The flies are picky 
in their choice of hosts and are 
only found on the black crab 
(Gecarcinus ruricola; Figure 2F), 
a fairly large, widespread and 
(formerly) common species 
throughout the Caribbean. 
The distribution of the flies 
appears to follow largely that 
of the host [4]. The museum 
collections, however, also 
contained two anomalous 
specimens, USNM78297 and 
USNM61666. The former, a red 
crab (Figure 2G) caught in 1904 
on Christmas Island (Figure 2B)  
had fly larvae in the mouth that 
were distinct from the Hubbard 
flies. The latter, a black crab 
caught in 1928 on Guantanamo 
Bay, Cuba showed a large 
dipteran larva in the mouth, also 
different from the Hubbard flies as well as from the Christmas 
Island larvae [4,6]. Thus, 
the crab–fly association had 
apparently evolved more than 
once. 
The identity of the larvae on 
specimen USNM78297 was 
revealed in July 1972, when 
Carson and Wheeler located 
the adult flies on Christmas 
Island (which is likely the 
sole distribution range). The 
flies, named Lissocephala 
powelli, belong to the primitive 
Lissocephala genus and 
are hence quite removed 
phylogenetically from their 
Caribbean counterparts of the 
derived Drosophila subgenus. 
The host association differs in 
a number of aspects between 
the two flies. First of all, 
the Christmas flies are less 
connected with their hosts. They 
do not pupate on the crabs, 
but on the ground. The adult 
flies feed primarily off their 
hosts and are hence frequently 
encountered away from crabs, 
in contrast to the Hubbard flies 
that are extremely reluctant in 
leaving their ‘crabitats’. The 
Christmas flies are much less 
selective in their choice of crab 
hosts than the Hubbard flies, 
being found on both Brachyuran 
(Figure 2F) and Anomuran (Figure 
2G) land crabs. The two groups 
(or infraorders) have a distinctly 
dissimilar morphology, and thus 
provide quite different living 
conditions for their fly guests. 
On Brachyuran hosts the larvae 
develop in the mouthparts, 
feeding on microbes from 
the nephric pad, whereas on 
Anomuran crabs, which lack 
the pad, the larvae develop 
internally, in the gill chambers 
[7]. Interestingly, although 
utilizing the same unusual and 
narrow niche, the Christmas flies 
have come to a slightly different 
solution. 
The culprit behind the 
infestation of specimen 
USNM6166 was found by 
Carson during a visit to Grand 
Cayman in December 1965. 
The Cayman flies, named 
Drosophila endobranchia, are 
rather different from the Hubbard 
flies. The Cayman flies exploit 
the same host as the Hubbard flies, black crabs; they are also 
found on the sympatric red crabs 
(Gecarcinus lateralis), but on no 
other crab species. The adult 
flies are perhaps even more 
reluctant in leaving their hosts 
than the Hubbard flies, and while 
on their hosts typically do not 
move that much at all. Larval 
development initially follows 
that of the Hubbard flies in that 
the young larvae reside in the 
nephric pads. However, the 
second larval stage is spent in 
the gill chambers, whereas the 
third (and last) larval stage is 
again spent in the mouth, where 
the larvae form a ring around 
the mouth opening. As in the 
Christmas flies, pupation takes 
place off the hosts. 
Of the three crab flies, the 
Cayman species is perhaps 
the more interesting. The 
flies have an obscure origin. 
They clearly belong to the 
Drosophila subgenus, but 
appear to have no known close 
relatives and accordingly a 
cryptic phylogenetic placement. 
Furthermore, the flies have a 
peculiar and limited distribution, 
being restricted to the Cayman 






Figure 3. The crabitat.
(A) An approximately hundred year old 
black crab from the Bahamas (Museum 
für Naturkunde, Berlin), which still has 
pupal cases (B) under the maxilliped 
(boxed). The flies (larvae and adults) 
feed on microbes from a pad (p) that 
is soaked in urine, excreted from the 
 nephropore (n). 
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the optic nerve (Figure 1). This 
representation of the eye left no 
room for an additional class of 
ocular photoreceptor. However, 
two parallel lines of investigation, 
one in fish and the other rodents, 
overturned this conventional view 
of retinal organisation. We now 
know that the rods and cones are 
not the only photosensory neurons 
of the vertebrate eye.
The rod and cone 
photopigments utilize an 
opsin protein bound with a 
vitamin- A- based light-absorbing 
molecule (chromophore) called 
11-cis-retinaldehyde. The first 
stage of light detection involves 
the absorption of a photon 
by 11-cis-retinaldehyde and 
the photoisomerization of this 
molecule to the all-trans state 
(Figure 2). The conformation 
change of the chromophore 
allows the opsin to interact 
with a G-protein and trigger the 
phototransduction cascade, 
ultimately giving rise to a 
Circadian vision
Russell G. Foster and  
Mark W. Hankins
Until the late 1990s it seemed 
inconceivable to most vision 
biologists that there could 
be an unrecognised class of 
photoreceptor within the vertebrate 
eye. After all, the eye was the best 
understood part of the central 
nervous system. One hundred 
and fifty years of research had 
explained how we see: photons 
are detected by the rods and 
cones and their graded potentials 
are assembled into an ‘image’ by 
inner retinal neurons, followed by 
advanced visual processing in the 
brain. The eye and the brain are 
connected via the retinal ganglion 
cells (RGCs), the topographically 
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Figure 1. Light detection in the vertebrate retina. 
The rods (R) and cones (C) convey visual information to the ganglion cells (G) via the 
second order bipolar cells (B). At the outerplexiform layer (OPL), horizontal cells (H) 
facilitate lateral connectivity and feedback to the photoreceptors. At the inner plexiform 
layer (IPL) amacrine cells (A) allow lateral connections between bipolar and ganglion 
cells. The optic nerve is formed from the axons of all the ganglion cells. A subset of 
ganglion cells (pRGC) also detect light directly; for this, they require the photopigment 
melanopsin. Light, via melanopsin, activates a G-protein cascade in the cells that de-
polarizes the cell membrane. These cells also receive synpatic input in the IPL from 
bipolar cells and amacrine cells. Thus photodetection in the retina occurs both in the 
outer and inner retina. Counter-intuitively, light passes through the transparent ganglion 
layer to reach the rods and cones.Bay, Cuba (as indicated by 
the museum specimen). 
Furthermore, the flies have 
an extraordinarily long larval 
development (up to four  
months) [6,8]. 
The conquest of land crabs in 
these flies is a striking case of 
parallel evolution. That this odd 
choice of habitat has evolved at 
all is extraordinary. Land crabs 
are quite peculiar themselves 
and that these organisms, 
with their own precarious 
existence on land, would 
provide a suitable home for 
any other animal is surprising. 
That this bizarre lifestyle has 
evolved three times, in three 
separate lineages and in three 
disconnected localities is truly 
remarkable. The evolutionary 
history and biology of these flies 
is, however, still far from fully 
understood. Apart from being 
mentioned in a few textbooks as 
evolutionary oddities, the flies 
have been altogether neglected 
in active research for the past 
~40 years. New work, applying 
contemporary techniques, 
is needed to elucidate the 
physiological and behavioural 
adaptations allowing for this 
remarkable choice of breeding 
substrate.
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